From the conditioned medium of the human colon carcinoma cells, HT-29 5M21 (CM-5M21), expressing a spontaneous invasive phenotype, tumor-associated trypsin inhibitor (TATI) was identified and characterized by proteomics, cDNA microarray approaches and functional analyses. Both CM-5M21 and recombinant TATI, but not the K18Y-TATI mutant at the protease inhibitor site, trigger collagen type I invasion by several human adenoma and carcinoma cells of the colon and breast, through phosphoinositide-3-kinase, protein kinase C and Rho-GTPases/Rho kinase-dependent pathways. Conversely, the proinvasive action of TATI in parental HT29 cells was alleviated by the TATI antibody PSKAN2 and the K18Y-TATI mutant. Stable expression of K18Y-TATI in HT-29 5M21 cells downregulated tumor growth, angiogenesis and the expression of several metastasisrelated genes, including CSPG4 (13.8-fold), BMP-7 (9.7-fold), the BMP antagonist CHORDIN (5.2-fold), IGFBP-2 and IGF2 (9.6-and 4.6-fold). Accordingly, ectopic expression of KY-TATI inhibited the development of lung metastases from HT-29 5M21 tumor xenografts in immunodeficient mice. These findings identify TATI as an autocrine transforming factor potentially involved in early and late events of colon cancer progression, including local invasion of the primary tumor and its metastatic spread. Targeting TATI, its molecular partners and effectors may bring novel therapeutic applications for high-grade human solid tumors in the digestive and urogenital systems.
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Introduction
Tumor-associated trypsin inhibitor (TATI) is a 56 aminoacid peptide (molecular weight ¼ 6.2 kDa). TATI is the serine protease inhibitor Kazal type 1 (SPINK1) and is also called pancreatic secretory inhibitor (PSTI) since this peptide is secreted together with trypsinogen by pancreatic acinar cells and in the gastrointestinal and urinary tract (Kazal et al., 1948; Paju and Stenman, 2006) . TATI inhibits trypsin with strong affinity, as well as plasmin and urokinase, however with lower affinities (Turpeinen et al., 1988) . The interaction site has been identified as lysine-18 and isoleucine-19 within the N-terminal part of TATI (Bartelt et al., 1977) . This inhibition is reversible since the complex is dissociated by serum: trypsin is released from TATI and complexed with a2-macroglobulin and a1-protease inhibitor. TATI is also inactivated by trypsin cleavage between Arg 42-Lys 43 and Arg 44-Gln 45 (Kikuchi et al., 1989) . TATI has been originally found in urine of a patient with ovarian cancer (Huhtala et al., 1982) . Later, high levels of TATI in tumors and/or body fluids were reported in cancers of pancreas, colon, liver, lung and breast (Paju and Stenman, 2006) . To our knowledge, the possible contribution of TATI in the molecular and cellular mechanisms involved in cancer progression are unknown. We have previously reported that the mucin-secreting cell clone (HT-29 5M21) isolated from a subpopulation of human colon cancer cells HT-29 cells resistant to methotrexate (Lesuffleur et al., 1998) displayed spontaneous cellular self-aggregation and invasive phenotypes in type I collagen gels (Truant et al., 2003) . We, therefore, investigated the molecular and cellular mechanisms underlying this aggressive behavior. The results provide the first evidence for TATI as a major autocrine and transforming factor produced by HT-29 5M21 cells to control colon cancer cell invasion and metastasis.
Results

HT-29 5M21 cells secrete autocrine proinvasive factor(s)
We have previously shown that the HT-29-derived subclone 5M21 displayed a constitutive invasive behavior in type I collagen whereas the parental HT-29 STD cells were not spontaneously invasive in this extracellular matrix component (Truant et al., 2003) . In order to verify the possibility that this spontaneous invasive behavior could be mediated by autocrine proinvasive factor(s) secreted by HT-29 5M21 cells, we have analysed the proinvasive potential of the conditioned medium (CM) prepared from these cells. We used parental HT-29 STD and HCT-8/S11 colon cancer cells, respectively, isolated from LOH and MSI sporadic tumors, as well as premalignant adenoma PC/AA/C1 cells derived from a patient with familial adenomatous polyposis, and their src-transformed counterparts, the PC/msrc cells (Empereur et al., 1997) . As shown in Figure 1 , addition of the CM from HT-29 5M21 cells induced the invasion of collagen type I gels by these four cell lines whereas the CM prepared from HT-29 STD cells was ineffective. This finding encouraged us to further characterize the presence of autocrine proinvasive factor(s) produced by HT-29 5M21 cells.
TATI is overexpressed and secreted by HT-29 5M21 cells Next, we compared the protein profiles in the CM prepared from HT-29 5M21 and parental HT-29 STD cells. Proteins were separated by ultrafiltration according to their molecular weight (MW), using membranes at a cutoff of 3-10 kDa. Protein fractions were assayed for proinvasive activity in vitro. We observed that the proinvasive activity of the HT-29 5M21 CM was only present in protein fractions ranging from 3 to 10 kDa (not shown). Comparative proteomics was then undertaken on the 3-10 kDa fractions prepared from HT-29 5M21 and HT-29 STD CM. The first approach was a separation by 2D-electrophoresis in conditions adapted for low molecular mass proteins, followed by analysis of tryptic peptides by MALDI-TOF mass spectrometry. Regarding the low resolution in 2D-gels, direct analysis was performed, followed by protein separation by high performance liquid chromatography (HPLC), and N-terminal sequencing. As shown in Figure 2a , the MALDI spectra identified TATI (m/z, 6245.4) in HT-29 5M21 CM but not in HT-29 STD CM (Figure 2b ). Transcriptome analysis using HT-29 5M21 and STD cells cultured on type I collagen was then performed using the 44K Whole Human Genome Oligo Microarray (Agilent Technologies, Santa Clara, CA, USA). Data were normalized and processed using Genespring Software (Agilent Technologies, Palo Alto, USA) to select upregulated genes. Table 1 shows the list of genes that are upregulated more than 10-fold in HT-29 5M21 cells versus HT-29 STD cells. The pangenomic microarray analysis showed that TATI (SPINK1) was one of the most strongly upregulated genes in HT-29 5M21 cells (expression ratio of about 14), versus parental cells. This data was confirmed by real-time RT-PCR (expression ratio ¼ 16). SPINK 1 is a Kazal type 1 serine protease inhibitor, thus not a priori a likely proinvasive agent. However, its presence in the CM harvested from the HT-29 5M21 cells justified further experiments to address its function in invasion. Other genes highly expressed by HT-29 5M21 cells are critically involved in cancer progression. For instance, the chemokine (C-X-C motif) receptor 4 (CXCR4) is involved at different levels in the regulation of malignancy through its interaction with its chemokine ligand stromal cell-derived factor-1 (SDF-1/CXCL12). CXCR4 promotes the metastatic spread of cancer cells to distant organs expressing SDF-1/CXCL12 and is associated with poor patient survival. The production of SDF-1/CXCL12 by stromal cancer-associated fibroblasts promotes tumor cell growth and stimulates tumor angiogenesis by recruiting endothelial progenitor cells (Ben-Baruch, 2006; Burger and Kipps, 2006) . Growth factor receptor-bound protein 10 (Grb10) is an adaptor protein interacting with several cell survival-related binding partners, notably Raf-1 kinase in a Bad-dependent manner (Kebache et al., 2007) . Among the three enzymes highly upregulated in HT-29 5M21 cells versus control HT-29 STD cells, that is, creatine kinase B (CKB) and aldoketo reductase family 1 (AKRB1) B1 and B10 members, two of them are associated with colon cancer: CKB showed an altered expression and an abnormal localization in the nuclear matrix (Balasubramani et al., 2006) ; AKR1B10 was shown to stimulate the proliferation of colon cancer cells (Yan et al., 2007) .
TATI is a proinvasive factor
Several experiments were undertaken to test the possible action of TATI in cancer cell invasion. First, we showed that the TATI antibody PSKAN2 at a dilution of 1/50 abolished the spontaneous invasive behavior of HT-29 5M21 cells, as well as the proinvasive response of HT-29 STD cells induced by the 5M21 CM ( Figure 2c ). Next, we examined the proinvasive activity of recombinant wild-type TATI (WT-TATI) and mutant K18Y-TATI encoded by the bacterial expression vector pQE-9 (Figure 3a) . The corresponding recombinant proteins (MW ¼ 6 kDa) were identified by western blot, as shown in Figure 3a . Invasion assays were carried out using , up to 16 ng ml À1 , followed by a progressive decline at higher concentrations. Then, the invasive activities of both WT-TATI and KY-TATI was analysed at the optimal concentration of 16 ng ml
À1
. As shown in Figure 3c , recombinant WT-TATI, but not recombinant KY-TATI, induced the invasive behavior of human adenoma and carcinoma cells (HT-29 STD, HCT8/S11, PC/AAC1, PC/msrc), and MCF-7 breast cancer cells as The proinvasive activity of TATI is connected with several oncogenic pathways involved in cancer cell invasion and metastasis Cell migration is controlled by the small GTPases RhoA, Rac1 and Cdc42 that regulate actin dynamics and promote the assembly of integrin-based matrix adhesion complex (Raftopoulou and Hall, 2004) . In addition, PI3-kinase and several Protein Kinases C (PKC) isoforms are well characterized as critical effectors of multiple invasion pathways induced by oncogenes, hormones and growth factors (Kotelevets et al., 1998) . Accordingly, the Rho-GTPase inhibitor C3 T exoenzyme, and the Rho-kinase (ROCK) inhibitor Y27632 abolished TATI-induced invasion by HT-29 STD cells (Figure 4a ). Moreover, function-blocking mutants of the Rho-GTPases RhoA (N19), Cdc42 (N17) and Rac1 (N17) stably transfected in human colon cancer cells HCT8/S11 (Nguyen et al., 2005) prevented the TATI invasive activity (Figure 4b ). Pharmacological inhibitors targeting PI3-kinase (wortmaninn) and PKC (GF109 and Go¨6976) obliterated the proinvasive action of recombinant TATI in HT-29 STD cells. In contrast, the proinvasive action of TATI was unaffected by pharmacological blockade of the mitogen-activated protein kinases (MAPKs) p38 (SB203580) and p42/p44 (PD098059). KY-TATI inhibits the growth and metastatic dissemination of HT-29 5M21 tumor xenografts In order to investigate the contribution of TATI to the growth and dissemination of colon cancer cell xenografts, ectopic expression of the KY-TATI mutant was performed in HT-29 5M21 cells. When cells were injected subcutaneously in the flank of the SCID mice, the median volume of the tumors after 41 days was 1437 mm 3 for the control 5M21 xenografts and 747 mm 3 for the KY-TATI xenografts (P ¼ 0.012), as shown in Figure 5a . The tumor doubling time (200-400 mm 3 ) was 10.7 days in the control group 5M21 and 15.3 days in KY-TATI xenografts. At the histological level, no difference was observed between the primary subcutaneous tumors developed by the two cell types (Figure 5b ). Tumors appeared as carcinomas with cell rows and glands containing mucus in their lumen. The evaluation of tumor angiogenesis by collagen IV labeling showed a decrease in the number and size of the blood vessels in KY-TATI xenografts, in comparison to HT-29 5M21 xenografts. In contrast, the Ki-67 cell proliferation index for cells engaged in the cell cycle was found at comparable high levels in both HT-29 5M21 and KY-TATI xenografts (91 and 94%, respectively). Direct assessment of cell counts showed that the KY-TATI mutant reduced the proliferation of HT29 5M21 cells in culture at days 4-5 (25-28% inhibition) and day 7 (40% inhibition), data not shown. These findings suggest that the KY-TATI mutant targets tumor growth and angiogenesis defects by compromising tumor take and cell survival in the KY-TATIexpressing colon HT-29 5M21 xenografts. It is therefore plausible to consider TATI as a survival factor in a variety of human solid tumors engaged in the mucinous differentiation phenotype. We found that HT-29 5M21 tumors developed metastases in the lungs only. Therefore, the lungs were systematically examined by histological examination for the detection of metastases (10 sections per lung in the two groups of mice), in three separate experiments. Metastases and/or micrometastases in lungs (black arrows) contained mucus-positive cells and were observed in 8/11 mice bearing control 5M21 xenografts and in only 3/12 mice for the KY-TATI group (Figure 5b ). For the control HT-29 5M21 xenografts, their associated metastases contained numerous cancer cells with mucin secretory activity, whereas the KY-TATI group showed micrometastases with scarce and rare cancer cells. Thus, ectopic expression of KY-TATI inhibited the formation of lung metastases following the implantation of subcutaneous HT-29 5M21 xenografts in SCID mice. In order to identify the mechanisms underlying the antimetastatic function of KY-TATI, we compared the gene expression patterns in KY-TATI and control HT-29 5M21 tumor xenografts at 41 days postinoculation of the cancer cells in SCID mice. Transcriptome analysis of the corresponding primary tumors was performed using the 44K Whole Human Genome Oligo Microarray (Agilent Technologies). Data were normalized and processed using the Genespring Software (Silicon Genetics) to select the regulated genes using the expression value cutoff of 2 (828 genes). Then, these selected genes were further sorted through the Ingenuity Pathways Analysis System TATI and colon cancer progression V Gouyer et al (www.Ingenuity.com) to identify metastasis-associated genes (28 genes, Table 2 ). Data in Table 2 showed that the majority of these genes were downregulated by KY-TATI. The most critically compromised genes encode chondroitin sulfate proteoglycan 4 (CSPG4), bone morphogenetic protein 7 (BMP-7), chordin (CHRD), insulin-like growth factor binding protein 2 (IGFBP2) and insulin-like growth factor (IGF2). Conversely, we found that ectopic expression of KY-TATI upregulated 8.7-fold the gene encoding the CCL2 chemokine. However, divergent data are reported on the role of CCL2 in metastasis. Our data further illustrate the versatility of chemokines and their receptors in cancer progression, in view of their pleiotropic roles on immune cells (infiltration of tumor-associated macrophages, dendritic cells) and on tumor-associated stromal cells and cancer cells. It is possible that such a versatility is also related to the proliferation potential and differentiation traits of epithelial cancers, in the context of the neuroendocrine or mucinous lineages; see also Table 2 legend for other comments.
Discussion
Our comparative study using proteomics and microarray approaches showed that the Kazal-type inhibitor of serine proteases TATI is highly expressed and secreted by human colon cancer cells, HT-29 5M21, expressing a differentiated mucinous phenotype. This overexpression of TATI in 5M21 cells mediates a constitutive and autocrine invasive potential in vitro. Accordingly, ectopic expression of the function-blocking mutant KY-TATI at the serine-protease interaction site negatively regulates the invasive and metastatic potential of HT-29 5M21 cancer cell xenografts to the lungs. In this report, we showed for the first time Hs phospholipase D1, phosphatidylcholine-specific (PLD1) 2.5 NM_005564 Hs lipocalin 2 (oncogene 24p3) (LCN2) 2.9 NM_002982
Hs chemokine (C-C motif) ligand 2 (CCL2) 8.7
Downregulated genes: CSPG4 (also called NG2 or MCSP) encodes a proteoglycan expressed by several tumor types and promotes cancer progression through FAK and ERK signaling pathways (Yang et al., 2004; Makagiansar et al., 2007) ; BMP7 is a member of the TGF-b superfamily involved in colon cancer cell invasion (Grijelmo et al., 2007) . CHRD is a BMP antagonist highly expressed in the basal crypt stromal cells versus the apical surface of the human colon mucosa (Van der Zee et al., 2006; Kosinski et al., 2007) . Our data demonstrate that human colon cancer cells HT29 5M21 cells also express the CHRD gene, in a regulated manner; IGFBP2 is upregulated in human solid tumors and was recently shown to promote cancer progression (Dunlap et al., 2007) ; HPN is a recently identified transmembrane serine protease stimulating the invasive potential of prostate cancer cells (Klezovitch et al., 2006; Xuan et al., 2006) . The upregulated gene CCL2/MCP-1 encodes a chemokine secreted by cancer cells. CCL2 display chemotactic activities for the infiltration of the tumor stroma by monocytes, neutrophils and mesenchymal stem cells. Conflicting reports and multiple roles of CCl2 in cancer progression are therefore reported, involving the promotion of tumor growth, angiogenesis and metastasis, or instead, metastasis inhibition. Of note, patients with pancreatic cancer and high circulating levels of CCL2 have significantly higher survival rate than those with low CCL2 serum levels. Thus, the biological significance of CCL2 in cancer progression appears particularly complex and may vary according to the tumor types and progression since this chemokine may impair cancer cell cycle progression and survival, via the inducible NO synthase and NO-mediated G1-arrest (Monti et al., 2003; Hu et al., 2007; Loberg et al., 2007) .
that TATI is a transforming factor involved in the invasive and metastatic potential of human colon cancer cells. An important finding in our study was the proinvasive activities of the HT-29 5M21 CM and of the recombinant WT-TATI on premalignant human adenoma colon cells PC/AA/C1. These data suggest that TATI may participate at the signal transduction mechanisms involved at the adenoma-carcinoma transition during the neoplastic progression in colon cancer patients. Of note, the TATI proinvasive activity was demonstrated in a series of transformed human colon cancer cell lines and MCF-7 breast cancer cells. Our data show that several proinvasive and oncogenic pathways, including PI3-kinase, Rho-like GTPases and PKC (Kotelevets et al., 1998; Le Floch et al., 2005; Nguyen et al., 2005) , are implicated in the TATI invasion signals. Our initial data on the negative impact of the KY-TATI mutant on the neovascularization of the 5M21 tumor xenografts showed that TATI is involved in tumor angiogenesis, a critical step linked to the metastatic potential of human solid tumors. In addition, we found that the growth of the HT-29 5M21 cancer cell xenografts was reduced by 50% following the ectopic expression of the functionblocking mutant KY-TATI, suggesting that TATI is a permissive factor for tumor growth and cell survival. Taken together, our data suggest that TATI is involved, at least in part, in the regulation of tumor growth, cell survival and angiogenesis, through trypsin-independent mechanisms. Biological targets underlying TATI overexpression may include other mechanisms and substrates, such as plasmin and urokinase (Turpeinen et al., 1988) .
Our data imply that TATI functions as an invasion promoter and a metastasis progression factor at the proliferation-differentiation and invasion-metastasis transitions during cancer progression. This conclusion is supported by a series of experimental and clinical observations linked to the growth and metastasis of human solid tumors in the context of the reciprocal interactions between proteases, their natural inhibitors and targets. For example, high levels of other protease inhibitors such as plasminogen activator inhibitor type-1 (PAI-1) and tissue inhibitor of matrix metalloproteinase type-1 (TIMP-1) are associated with a poor prognosis (McCarthy et al., 1999; Janicke et al., 2001; Gouyer et al., 2005; Harbeck et al., 2007) . Both PAI-1 and TIMP-1 contribute to tumor development through cancer cell growth and survival, tumor angiogenesis and invasion (Bajou et al., 1998; Chirco et al., 2006) . Increased levels of trypsinogen, tumor-associated trypsinogens, trypsin and its inhibitor TATI correlate with the malignancy of human solid tumors (Nyberg et al., 2006) . The presence of TATI in tumors is a marker of adverse prognosis for hepatocellular carcinoma (HCC), bladder, kidney and mucinous ovarian cancers (Stenman, 2002; Antila et al., 2006; Lee et al., 2007; Paju et al., 2007) . In patients with stage III and IV ovarian cancers, TATI tissue expression and elevated TATI concentration in serum were associated with adverse cancer-specific and progression-free survival (Paju et al., 2004) . Of note, TATI overexpression correlates with anchorage-independent growth, high stage HCC, portal vein invasion, early tumor recurrence and metastasis (Lee et al., 2007) . Our future efforts will be aimed at exploring sporadic and familial human colon tumors, as well as mucinous and nonmucinous neoplasms, for their ability to produce high levels of TATI. Indeed, increased TATI serum levels occur in 34-74% of patients with colon cancer (Stenman, 2002) . The mechanisms underlying TATI overexpression in human tumors and its accumulation in the serum of cancer patients are largely unknown. This induction can be accomplished via transcriptional activation of the TATI gene promoter and epigenetic regulations, including alternative DNA methylation states. Besides two transactivating elements identified in the PSTI promoter gene, including IL-6 and AP-1 Yasuda et al., 1993) , another regulatory sequence functions positively in pancreatic cells but as negative active element in nonpancreatic cells (Yasuda et al., 1998) . In that respect, we cannot exclude the possibility that methotrexate and 5-FU-based combination chemotherapy (Louvet et al., 2000; Andre et al., 2004; Poole et al., 2006) might have the ability to upregulate the expression of the TATI gene through several mechanisms including aberrant expression of differentiationassociated phenotypes, and to influence the invasive and metastatic potential of growing tumors in a subset of breast and colon cancer patients.
In conclusion, the present study supports the idea that TATI exerts pleiotropic actions on colon cancer progression according to its cumulated impact on the growth, angiogenesis and metastatic dissemination of primary tumors. Targeting TATI and its molecular partners implicated in the invasion and metastatic cascades may bring novel therapeutic applications for a variety of human solid tumors in the digestive and urogenital systems.
Materials and methods
Proteome and DNA microarrays analysis Proteome analysis of the CM prepared from HT-29 5M21 and STD cell cultures was performed as previously described (Delacour et al., 2005) . The 2D-electrophoresis was adapted to the separation of proteins with low molecular mass (Fountoulakis et al., 1998) . Identification of proteins from excised spots was carried out by analysis of the peptide mixtures from tryptic digests (Perspective Biosystems, Framingham, MA, USA), using the Voyager-DE STR device and Profound software (prowl.rockfeller.edu/cgi-bin/Profound). In addition, CM was analysed by direct MALDI-TOF mass spectrometry. CM proteins were also separated and identified by HPLC and N-terminal sequencing. For DNA microarrays analysis, total RNA (0.5 mg) was processed and analysed on Human Whole Genome Agilent 44 K 60-mer oligonucleotide microarrays using the different Agilent kits of cRNA amplification, labeling, fragmentation, hybridization and washing according to the Two-Color Microarray-Based Gene Expression protocol (Agilent Technologies). Microarrays were scanned using an Axon GenePix 4100A scanner and the GenePix Pro extracted expression data were loaded and processed into the GeneSpring version 7.3 (Agilent Technologies) for normalization, filtering and statistic analysis. Functional analyses were generated by the Ingenuity Pathways Analysis (Ingenuity Systems, www.Ingenuity.com).
Production of recombinant TATI proteins
The human TATI cDNA encoding WT-TATI was prepared by reverse transcription from total RNA extracted from HT-29 5M21 cells, amplified and cloned into the pCR4 vector (Invitrogen, Cergy, Pontoise, France). The K18Y mutation in the WT-TATI peptide was generated by PCR and PfuTurbo DNA polymerase (Stratagene, Amsterdam, The Netherlands). The cDNAs (WT and K18Y) were subcloned downstream of the MRGSH 6 coding sequence into the BamHI/HindIII restriction enzyme sites of the pQE-9 expression vector (Qiagen, Hilden, Germany). The sequence of the WT and K18Y-TATI plasmids were sequenced to verify the integrity of the vectors. Production of the recombinant proteins from pQE-9 plasmids was carried out using M15 cells treated with isopropyl-1-thio-D-galactopyranoside (400 mM). The cell lysates were centrifuged and the supernatants were purified by affinity chromatography using a Co 2 þ -agarose resin (Clontech, Saint-Germain-en-Laye, France). Bacterially expressed TATI was separated on 5-30% sodium dodecyl sulfate-polyacrylamide gels under reducing conditions. After transfer to a Hybond-C extra membrane (Amersham Pharmacia Biotech, Aylesbury, UK), recombinant WT and K18Y-TATI proteins were probed with the TATI mAb and revealed by the secondary anti-mouse HRP (1:4000, Sigma, St Louis, MO, USA). Membranes were washed in TBS saline containing 0.1% Tween 20 and revealed by chemiluminescence western detection (Amersham Pharmacia Biotech). The functional integrity of recombinant TATI was checked against the activity of trypsin.
Ectopic expression of TATI in HT-29 cells
The WT-and K18Y-TATI cDNAs were cloned into the eukaryotic expression vector pcDNA3.1 (Invitrogen) in which the cytomegalovirus promoter was replaced by the hybrid promoter EF1a-HTLV. HT-29 STD cells (2 Â 10 6 per 10 mm petri dishes) were transfected for 48 h by each expression vector (2 mg of plasmid), using Effectene (Qiagen). Geneticinresistant colonies were selected for 2 weeks in medium containing 500 mg ml À1 G418 and isolated as individual clones. HT-29 5M21 cells were stably transfected with the K18Y-TATI expression vector according to the same procedure.
See Supplementary Information for Materials, cell culture, qPCR, cellular invasion, tumor growth and metastasis.
